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OPTICAL SYSTEM 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to an optical system using an 

optical material having extraordinary partial dispersion, and 
more particularly to an optical system suitable for a silver 
halide ?lm camera, a digital still camera, a video camera, or 
the like. 

2. Related Background Art 
In general, chromatic aberrations such as longitudinal 

chromatic aberration and chromatic aberration of magni? 
cation, of an optical system deteriorate as the entire length 
of the optical system shortens, so that an optical perfor 
mance thereof is likely to reduce. In particular, in the case of 
a telephoto type optical system, the chromatic aberrations 
increase as a focal length lengthens. Therefore, the chro 
matic aberrations signi?cantly deteriorate With shortening of 
the entire length. 

AchromatiZation using an extraordinary partial dispersion 
material and achromatiZation using a diffraction grating 
have been generally knoWn as methods of reducing such 
chromatic aberrations. 

In the telephoto type optical system, the chromatic aber 
rations are generally reduced by a front lens unit, in Which 
a passing position of a paraxial on-axis ray and a passing 
position of a pupil paraxial ray from the optical axis become 
relatively high, including a positive lens made of a loW 
dispersion material having extraordinary partial dispersion 
such as ?uorite and a negative lens made of a high dispersion 
material. Such various telephoto lenses have been proposed 
(Japanese Patent Publication No. S60-049883 (correspond 
ing to Us. Pat. No. 4,241,983 B), Japanese Patent Publi 
cation No. S60-055805 (corresponding to Us. Pat. No. 
4,348,084 B), and Japanese Patent Application Laid-Open 
No. H11-119092 (corresponding to Us. Pat. No. 6,115,188 
B)). 
A telephoto lens in Which the chromatic aberrations are 

corrected using not an extraordinary partial dispersion mate 
rial but a diffraction optical element has been also proposed. 
A telephoto lens having an F number of about P28 in Which 
the chromatic aberrations are relatively preferably corrected 
by a combination of a diffraction optical element and a 
refractive optical element has been disclosed in Japanese 
Patent Application Laid-Open No. H06-324262 (corre 
sponding to Us. Pat. No. 5,790,321 B) and Japanese Patent 
Application Laid-Open No. H06-331887 (corresponding to 
Us. Pat. No. 5,629,799 B). 

With respect to features of the diffraction optical element, 
an absolute value of a numerical value corresponding to an 
Abbe number is a small value of 3.45. The chromatic 
aberrations can be signi?cantly changed Without substan 
tially causing an in?uence on spherical aberration, coma, 
astigmatism, and the like by slightly changing optical poWer 
(the reciprocal of a focal length) due to diffraction. Because 
of diffraction light, the optical poWer linearly changes in 
accordance With a change in frequency of incident light, so 
that a Wavelength characteristic of a chromatic aberration 
coe?icient becomes perfectly linear. Therefore, When the 
entire length is shortened, the spherical aberration, the coma, 
and the astigmatism may be particularly corrected in aber 
ration correction. Since the chromatic aberrations are cor 
rected by the diffraction optical element, glass materials 
constituting lenses and optical poWers may be suitably 
designed so as to obtain the linearity of the Wavelength 
characteristic of the chromatic aberration coe?icient Without 
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2 
concern for an absolute amount of the chromatic aberrations 
deteriorated by shortening of the entire length. As a result, 
the telephoto lens Whose entire length is shortened can be 
obtained. 

A liquid material Whose characteristic includes relatively 
high dispersion and relatively extraordinary partial disper 
sion has been knoWn as a material having a chromatic 
aberration correction function similar to that of the diffrac 
tion optical element, and an achromatiZation optical system 
using the liquid material has been proposed (U .8. Pat. No. 
4,913,535 B). 

According to the telephoto lenses using ?uorite or the like 
as described in Japanese Patent Publication No. S60-049883 
(corresponding to Us. Pat. No. 4,241,983 B), Japanese 
Patent Publication No. S60-055805 (corresponding to Us. 
Pat. No. 4,348,084 B), and Japanese Patent Application 
Laid-Open No. H11-119092 (corresponding to Us. Pat. No. 
6,115,188 B), When the entire optical length is set to a 
relatively long length, it is possible to relatively preferably 
correct the chromatic aberrations. HoWever, it is hard to 
correct the deterioration of chromatic aberrations due to 
shortening of the entire length. This is because such a 
method is used to merely reduce the chromatic aberrations 
caused in a front lens itself (lens closest to a subject) using 
the loW dispersion and extraordinary partial dispersion of a 
material such as ?uorite. When the chromatic aberrations 
deteriorated due to shortening the entire length are intended 
to be corrected by, for example, a lens made of loW disper 
sion glass having a large Abbe number, such as ?uorite, 
since it is necessary to signi?cantly change optical poWer of 
a lens surface in order to change the chromatic aberrations, 
it is di?icult to satisfy both the corrections of the chromatic 
aberrations and the corrections of various aberrations such 
as spherical aberration, coma, and astigmatism. 

Although the diffraction optical element has a su?icient 
chromatic aberration correction function, there is a problem 
in that diffraction light of an unnecessary diffraction order 
other than diffraction light of an actually used design dif 
fraction order becomes color ?are light, thereby deteriorat 
ing an imaging performance. According to a so-called stack 
type diffraction optical element in Which a plurality of blaZe 
type diffraction gratings are stacked in an optical axis 
direction, energy is concentrated on the design diffraction 
order to signi?cantly reduce unnecessary diffraction light. 
HoWever, When a high luminance subject is photographed, 
there still remains a problem in that diffraction ?are appears. 

A method of forming an ultraviolet curable resin or the 
like using a metal mold has been knoWn as a method of 
manufacturing the diffraction optical element. HoWever, the 
diffraction e?iciency of the diffraction optical element is 
extremely sensitive for manufacturing condition thereof. 
Therefore, there is also a problem in that very high mold 
precision and formation precision are required, thereby 
increasing a manufacturing cost. 

Because the material disclosed in Us. Pat. No. 4,913,535 
B is liquid, a structure for sealing the material is required. 
Therefore, it cannot be said that manufacturing is easy. 
Because there is also a problem that characteristics such as 
a refractive index and a dispersion characteristic depends on 
temperature, it cannot be said that an environmental resis 
tance is su?icient. Further it is hard to obtain a su?icient 
chromatic aberration correction function because an inter 
face With air is not obtained in addition that the Abbe 
number is relatively large, extraordinarys partial dispersion 
property is relatively small. 
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SUMMARY OF THE INVENTION 

The present invention has been made in light of the 
above-mentioned problems of the conventional examples. 
An object of the present invention is to provide an optical 
system in Which various aberrations including chromatic 
aberrations are preferably corrected and Which is easily 
manufactured and has a superior environmental resistance. 

In order to attain the above-mentioned object, according 
to an embodiment of the present invention, an optical 
system, includes a solid material Whose incident and exiting 
surfaces of beam are refractive surfaces, in Which folloWing 
equations are satis?ed: 

Where vd represents an Abbe number of the solid. material 
and Ggd and GgF represent partial dispersion ratios thereof. 

In the present invention, the Abbe number vd and the 
partial dispersion ratios Ggd and GgF are identical to those 
that are generally de?ned and used. Let Ng, NF, Nd, and NC 
be refractive indexes With respect to a g-line, an F-line, a 
d-line, and a C-line, respectively, the Abbe number vd and 
the partial dispersion ratios Ggd and GgF are expressed by 
the folloWing expressions. 

A solid material in the present invention indicates a solid 
material in Which the optical system is used and thus does 
not indicate a state before the optical system is used, such as 
a state during manufacturing or the like. For example, even 
When a material is liquid during manufacturing, a solid 
material obtained by curing the liquid material corresponds 
to the solid material in the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a sectional vieW shoWing an optical system of a 
telephoto lens according to Numerical Embodiment 1; 

FIG. 2 is an aberration graph of the telephoto lens in a 
state focusing on in?nity, according to Numerical Embodi 
ment 1; 

FIG. 3 is a sectional vieW shoWing an optical system of a 
telephoto lens according to Numerical Embodiment 2; 

FIG. 4 is an aberration graph of the telephoto lens in a 
state focusing on in?nity, according to Numerical Embodi 
ment 2; 

FIG. 5 is a sectional vieW shoWing an optical system of a 
Zoom lens according to Numerical Embodiment 3; 

FIG. 6 is an aberration graph of the Zoom lens at a Wide 
angle end in a state focusing on in?nity, according to 
Numerical Embodiment 3; 

FIG. 7 is an aberration graph of the Zoom lens at an 
intermediate focal length in a state focusing at in?nity, 
according to Numerical Embodiment 3; 

FIG. 8 is an aberration graph of the Zoom lens at a 
telephoto end in a state focusing at in?nity, according to 
Numerical Embodiment 3; 

FIG. 9 is a sectional vieW shoWing an optical system of a 
Zoom lens according to Numerical Embodiment 4; 
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4 
FIG. 10 is an aberration graph of the Zoom lens at a Wide 

angle end in a state focusing at in?nity, according to 
Numerical Embodiment 4; 

FIG. 11 is an aberration graph of the Zoom lens at an 
intermediate focal length in a state focusing at in?nity, 
according to Numerical Embodiment 4; 

FIG. 12 is an aberration graph of the Zoom lens at a 
telephoto end in a state focusing at in?nity, according to 
Numerical Embodiment 4; 

FIGS. 13A, 13B, and 13C are schematic explanatory 
graphs shoWing dispersion characteristics of an ITO; and 

FIG. 14 is a schematic vieW shoWing an example of 
digital still camera using the optical system of the present 
invention as an image taking optical system. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

An optical system according to an embodiment of the 
present invention Will be described. In the optical system of 
the present invention, a solid material having high disper 
sion and loW partial dispersion ratios is provided With a 
refractive function. 

First, the in?uence of a high dispersion optical material on 
aberration correction of the optical system Will be described. 
Assume that a change in optical poWer of a surface of a 

refractive lens is given by A11), an Abbe number is given by 
v, and a distance betWeen a point on the surface of the lens 
Where a paraxial on-axis ray passes through and an optical 
axis, and a distance betWeen a point on the surface of the 
lens Where a pupil paraxial ray passes through and the 
optical axis are given by h and H, respectively. The paraxial 
on-axis ray can be de?ned as, With normaliZing focal length 
of the entire optical system to be 1, a paraxial ray alloWed 
to enter the optical system in a direction parallel to the 
optical axis With distant l apart from the optical axis. 
Assuming that an object be located on the left side of the 
optical system and a light beam incident on the optical 
system from the object side travel from the left to the right. 
The pupil paraxial ray can be de?ned as, With normalizing 
focal length of the entire optical system to be 1, a paraxial 
ray passing through an intersection of an entrance pupil of 
the optical system With the optical axis, of light beams 
incident on the optical system at —450 relative to the optical 
axis. For an incident angle on the optical system, assuming 
a clockWise direction relative to the optical axis be positive 
and a counterclockwise direction be negative. And assuming 
that the object be located on the left side of the optical 
system and a light ray incident on the optical system from 
the object side travel from the left to the right. A change in 
longitudinal chromatic aberration coef?cient AL and a 
change in chromatic aberration of magni?cation coef?cient 
AT on the surface of the lens are expressed by the folloWing 
expressions. 

ALIhZ-Aw/v (a) 

ATIh-H-Aw/v (b) 

As is apparent from the expressions (a) and (b), a change 
in each of the aberration coef?cients Which is caused accord 
ing to a change in optical poWer on the surface of the lens 
increases as an absolute value of the Abbe number reduces 
(dispersion increases). Therefore, When a high dispersion 
material in Which the absolute value of the Abbe number is 
small is used, a change in optical poWer for obtaining 
necessary chromatic aberrations can be reduced. This rep 
resents that the chromatic aberrations can be controlled 
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Without causing a large in?uence on spherical aberration, 
coma, astigmatism, and the like under an aberration theory, 
thereby improving the independence of chromatic aberration 
correction. Conversely, When a loW dispersion material is 
used, a change in optical poWer for obtaining necessary 
chromatic aberrations becomes larger, so that various aber 
rations such as spherical aberration, coma, and astigmatism 
signi?cantly change. Therefore, the independence of chro 
matic aberration correction Weakens. Accordingly, it is 
important for aberration correction that at least one surface 
of lens of lenses composing the optical system is the 
refractive lens surface made of the high dispersion material. 

Next, the effect of an optical material having loW partial 
dispersion ratios on the aberration correction of the optical 
system Will be described based on the high dispersion. 
As has been Well knoWn, With respect to the dependency 

of a refractive index of an optical material on a Wavelength 
(dispersion characteristic), the Abbe number indicates the 
gradient of the entire dispersion characteristic curve and the 
partial dispersion ratios indicate the degree of bend of the 
dispersion characteristic curve. 

In general, With respect to the optical material, a refractive 
index on the short Wavelength side is larger than a refractive 
index on the long Wavelength side (Abbe number is a 
positive value). The dispersion characteristic curve is draWn 
in a convex shape doWnWard (partial dispersion ratios each 
are a positive value). A change in refractive index Which is 
caused due to a change in Wavelength becomes larger as the 
Wavelength shortens. In the high dispersion optical material, 
the partial dispersion ratios become larger as the Abbe 
number reduces. Therefore, the convex shape of the disper 
sion characteristic curve is likely to be emphasized to be 
convex doWnWard. 

In the case of an optical material having large partial 
dispersion ratios, a Wavelength dependency curve of chro 
matic aberration coef?cients of the surface of a lens made of 
the optical material exhibits a larger bend on the short 
Wavelength side than that in the case Where an optical 
material having small partial dispersion ratios is used. Here, 
When optical poWer of the surface of the lens is changed to 
control the chromatic aberrations, the entire gradient of the 
Wavelength dependency curve of chromatic aberration coef 
?cients changes about the position of a design reference 
Wavelength as a rotational center. Such a change in the 
optical material having the large partial dispersion ratios 
becomes larger on particularly the short Wavelength side 
than that in the optical material having the small partial 
dispersion ratios. In addition, the entire gradient changes 
While a bend amount signi?cantly changes. As a result, even 
When a glass material of another refractive system portion is 
exchanged for another material, it is hard to cancel both 
entire gradient and bend of the Wavelength dependency 
curve of chromatic aberration coef?cients. Thus, the chro 
matic aberrations cannot be corrected over the entire Wave 
length region. 

The cancellation Will be described With reference to an 
example of achromatiZation for a super telephoto lens Which 
is composed of a refractive optical system portion GIT made 
of a high dispersion material and a refractive optical system 
portion G other than the portion GIT. 

In achromatiZation using the high dispersion optical mate 
rial, relatively large chromatic aberration coef?cients are 
cancelled out each other betWeen the, portions GIT and G to 
obtain the chromatic aberrations of the entire system. There 
fore, the chromatic aberrations of the portion G as a partial 
system are corrected up to a point. After that, a material 
having relatively high dispersion is selected for a positive 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
lens composing the portion G. A material having relatively 
loW dispersion is selected for a positive lens composing the 
portion G. Then, the entire gradient of the Wavelength 
dependency curve of chromatic aberration coefficients in the 
portion G changes While the linearity becomes higher than 
that in an original state. 

In such a state, suitable optical poWer is provided for the 
portion GIT to cancel the entire gradient of the Wavelength 
dependency curve of chromatic aberration coefficients in the 
portion G. HoWever, When the portion GIT is made of the 
optical material having the large partial dispersion ratios, the 
portion GIT has a larger bend in a reverse direction than the 
bend of the Wavelength dependency curve of chromatic 
aberration coef?cients in the portion G. As a result, even 
When the entire gradient component can be cancelled, the 
bend component cannot be cancelled. 

In contrast to this, When the portion GIT is made of the 
optical material having the small partial dispersion ratios, 
the Wavelength dependency curve of chromatic aberration 
coef?cients in the portion GIT is relatively linear. Therefore, 
even When optical poWer is changed to control the chromatic 
aberrations, the gradient can be changed about the position 
of the design reference Wavelength as the rotational center 
While a relative linear relationship is maintained. Thus, it is 
possible to relatively easily and simultaneously cancel the 
entire gradient component and bend component of the 
Wavelength dependency curve of chromatic aberration coef 
?cients in the portions GIT and G. 

That is, it is also important that the portion GIT is made 
of the optical material having high dispersion and the small 
partial dispersion ratios. The folloWing conditional expres 
sions (l), (2), and (3) speci?ed in the present invention 
express a relationship betWeen the Abbe number and the 
partial dispersion ratios to preferably correct the chromatic 
aberrations based on the above-mentioned fundamental. 

vd<30 (1) 

6gF<—2.615><10’3-vd+0.67 (3) 

Where vd indicates the Abbe number of the refractive optical 
system portion (lens or layer) GIT, and is expressed by the 
folloWing expression, 

Where Nd, NP, and NC represent refractive indexes With 
respect to a d-line, an F-line, and a C-line, respectively. 

In addition, Ggd and GgF indicate the partial dispersion 
ratios of the refractive optical system portion (lens or layer) 
GIT, and is expressed by the folloWing expressions, 

Where Ng, NF, Nd, and NC represent refractive indexes With 
respect to a g-line, the F-line, the d-line, and the C-line, 
respectively. 
When any one of the conditional expressions (1), (2), and 

(3) is not satis?ed, it is hard to preferably correct the 
chromatic aberrations. 
When the numerical range of the conditional expression 

(1) is set to the folloWing range, an effect for independently 
correcting the chromatic aberrations is further improved. 
Therefore, a preferable optical performance can be obtained. 
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It is more desirable that the numerical range of the 
conditional expression (1) is set to the following range. 

It is furthermore desirable that the numerical range of the 
conditional expression (1) is set to the folloWing range. 

vd<16 (10) 

It is still furthermore desirable that the numerical range of 
the conditional expression (1) is set to the folloWing range. 

When the numerical ranges of the conditional expressions 
(2) and (3) are set to the folloWing ranges on the condition 
that any one of the conditional expressions (1), (la), (lb), 
(1c), and (1d) is satis?ed, a more preferable optical perfor 
mance can be obtained. 

It is more desirable that the numerical range of the 
conditional expressions (2) and (3) are set to the folloWing 
ranges. 

It is furthermore desirable that the numerical range of the 
conditional expressions (2) and (3) are set to the folloWing 
ranges. 

It is still furthermore desirable that the numerical range of 
the conditional expressions (2) and (3) are set to the fol 
loWing ranges. 

With respect to a speci?c example of a solid optical 
material satisfying the expressions (1) to (3), there is a 
compound in Which the folloWing inorganic oxide ?ne 
particles are dispersed in a synthetic resin. That is, it is 
possible to use TiO2 (nd:2.2652 and vd:ll.8), Nb2O5 
(nd:2.367 and vd:l4.0), ITO (nd:l.858l and vd:5.53), 
Cr2O3 (nd:2.2l78 and vd:l3.4), BaTiO3 (nd:2.4362 and 
vd:ll.3.), and the like. 
Of those materials, ITO (indium tin oxide) is preferable 

because it has particularly a smaller Abbe number than other 
materials. ITO is different from normal materials in that free 
carriers due to electroconductivity in?uence a refractive 
index. A dispersion characteristic of the ITO (FIG. 13C) is 
produced by combining a change in refractive index in a 
short Wavelength region, Which is caused due to normal 
electron transition (FIG. 13A), With refractive index disper 
sion in an infrared region Which is caused by the free carriers 
(FIG. 13B). As a result, the dispersion characteristic has a 
Wavelength dependency With an abnormally large gradient 
that the Abbe number is 5.53. 

Refractive index dispersion due to the electron transition 
(FIG. 13A) signi?cantly changes on the short Wavelength 
side in the visible region. On the other hand, the refractive 
index dispersion caused due to the free carriers (FIG. 13B) 
signi?cantly changes on the long Wavelength side in the 
visible region. Therefore, the partial dispersion ratios 
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8 
become smaller than those in a normal case by a combina 
tion of the tWo signi?cant changes. 
As conceivable materials that are transparent and 

expected to be in?uenced by the free carriers, there are 
SnO2, ATO (SnO2 doped With antimony), ZnO, and the like. 
The ITO is knoWn as a material for forming a transparent 

electrode and generally used for a liquid crystal display 
element, an electroluminescent (EL) element, and the like. 
With respect to other applications, the ITO is used for an 
infrared shielding element and an ultraviolet shielding ele 
ment. In the conventionally knoWn applications of the ITO, 
its thickness is limited to a range of 50 nm to 500 nm. 
Therefore, there is no example in Which the mixture of ?ne 
particles is used to correct the chromatic aberrations of the 
optical system. 
An average diameter of the ITO ?ne particle is preferably 

about 2 nm to 50 nm in vieW of the in?uences of scattering 
and the like. A dispersant or the like may be added to the 
mixture in order to suppress aggregation. 
A medium material for dispersing the ITO is preferably a 

monomer. High mass productivity can be obtained by pho 
topolymeriZation formation or thermopolymeriZation for 
mation using a mold or the like. 

In vieW of characteristics of a monomer optical constant, 
it is preferable to use a monomer having a relatively small 
Abbe number, a monomer having relatively small partial 
dispersion ratios, and a monomer satisfying both, Such as 
N-polyvinylcarbaZole, styrene, polymethyl methacrylate 
(acrylic), and the like. In embodiments described later, 
acrylic is used as the medium material for dispersing ITO 
?ne particles. HoWever, the present invention is not limited 
to acrylic. 
A dispersion characteristic N0») of a mixture in Which 

nano-particles are dispersed can be simply calculated using 
the folloWing expression derived from Drude’s formula 
Which is Well knoWn. That is, 

Where 7» indicates an arbitrary Wavelength, NITO indicates a 
refractive index of ITO, NP indicates a refractive index of 
polymer, and V indicates a fraction of a total volume of ITO 
?ne particles to a volume of polymer. 
A proposal of this embodiment is to apply a material 

satisfying the conditional expressions (1) to (3) to a lens of 
the optical system and a layer provided on the surface of a 
lens. When a refractive surface made of the material is an 
aspherical surface, it is possible to correct chromatic aber 
ration ?are such as spherical aberration of color. When an 
interface is formed betWeen the material and an atmosphere 
such as air or When an interface is formed betWeen the 
material and a material having a relatively loW refractive 
index, the chromatic aberrations can be relatively signi? 
cantly changed by a slight change in curvature of the 
interface. 

(Embodiments) 
Embodiments in Which a material satisfying the condi 

tional expressions (1) to (3) is applied to speci?c optical 
systems Will be described. Here, an ITO ?ne particle dis 
persion material is used as the material satisfying the con 
ditional expressions (1) to (3). 

FIG. 1 is a sectional vieW shoWing an optical system 
according to Numerical Embodiment 1. In this example, a 
mixture of ITO ?ne particles is used for an ultra-telephoto 
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lens having a focal length of 400 mm. In FIG. 1, a lens 
(layer) made of ITO is indicated by GIT1, and SP denotes an 
aperture stop. FIG. 2 is an aberration graph of the optical 
system in a state focusing at in?nity, according to Numerical 
Embodiment 1. In FIG. 1, the left side is an object side 
(front) and the right side is an image side (rear). Such an 
arrangement is identical to that even in each of other 
numerical embodiments. 

In the optical system according to Numerical Embodi 
ment 1, ITO is introduced to a lens (layer) GIT1 located on 
the object side in Which a distance betWeen a passing 
position of a paraxial on-axis ray and the optical axis 
becomes relative long. Negative refractive poWer is pro 
vided for the lens (layer) GIT1, Which is made of ITO, to 
mainly correct longitudinal chromatic aberration. As a 
result, a very compact ultra-telephoto lens having a tele 
photo ratio of 0.595 is obtained. 

FIG. 3 is a sectional vieW shoWing an optical system 
according to Numerical Embodiment 2. In this example, a 
mixture of ITO ?ne particles is used for an ultra-telephoto 
lens having a focal length of 400 mm. In FIG. 3, lenses 
(layers) made of ITO are indicated by GIT1 and GIT2, and 
SP denotes an aperture stop. FIG. 4 is an aberration graph of 
the optical system in a state focusing at in?nity, according to 
Numerical Embodiment 2. 

In the optical system according to Numerical Embodi 
ment 2, ITO is introduced to a lens (layer) GIT1 located on 
the object side in Which a distance betWeen a passing 
position of a paraxial on-axis ray and the optical axis 
becomes relative long and a lens (layer) GIT2 located closer 
to the image side than the aperture stop SP in Which a 
distance betWeen the passing position of the paraxial on-axis 
ray and the optical axis becomes relative short and a distance 
betWeen a passing position of a pupil paraxial ray and the 
optical axis becomes relatively long. Negative refractive 
poWer and positive refractive poWer are provided for the 
lenses (layers) GIT1 and GIT2, respectively, Which are made 
of ITO, to strongly correct longitudinal chromatic aberration 
and chromatic aberration of magni?cation. As a result, a 
very compact ultra-telephoto lens having a telephoto ratio of 
0.573 is obtained. 

FIG. 5 is a sectional vieW shoWing an optical system 
according to Numerical Embodiment 3. In this example, a 
mixture of ITO ?ne particles is used for a Zoom lens of a 
four-unit structure having a Zoom ratio of 4. The Zoom lens 
includes a ?rst lens unit L1 having positive refractive poWer, 
a second lens unit L2 having negative refractive poWer, a 
third lens unit L3 having positive refractive poWer, and a 
fourth lens unit L4 having positive refractive poWer. In FIG. 
5, lenses (layers) each made of ITO are indicated by GIT1 
to GIT4, and SP denotes the aperture stop. FIGS. 6 to 8 are 
aberration graphs of the Zoom lens (Zoom lens) at a Wide 
angle end, an intermediate focal length, and a telephoto end 
in a state focusing at in?nity, according to Numerical 
Embodiment 3. 

In the optical system according to Numerical Embodi 
ment 3, ITO is introduced to the lenses of the respective lens 
units L1 to L4 composing the Zoom lens. Optical poWer With 
sign opposite to the sign of the poWer of each of the lens 
units is provided for the corresponding lens (layer) made of 
ITO to reduce the chromatic aberrations of each of the lens 
units. Therefore, a compact optical system is achieved. 

FIG. 9 is a sectional vieW shoWing an optical system 
according to Numerical Embodiment 4. In this example, a 
mixture of ITO ?ne particles is used for a Zoom lens of a 
four-unit structure having a magni?cation of 6. The Zoom 
lens includes a ?rst lens unit L1 having positive refractive 
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10 
poWer, a second lens unit L2 having negative refractive 
poWer, a third lens unit L3 having positive refractive poWer, 
and a fourth lens unit L4 having positive refractive poWer. 
In FIG. 9, lenses (layers) each made of ITO are indicated by 
GIT1 to GIT4, and SP denotes the aperture stop. FIGS. 10 
to 12 are aberration graphs of the Zoom lens (Zoom lens) at 
a Wide angle end, an intermediate focal length, and a 
telephoto end in a state focusing at in?nity, according to 
Numerical Embodiment 4. 

In the optical system according to Numerical Embodi 
ment 4, ITO is introduced to the lenses of the respective lens 
units L1 to L4 composing the Zoom lens. Optical poWer With 
sign opposite to the sign of the optical poWer of each of the 
lens units is provided for the corresponding lens (layer) 
made of ITO to reduce the chromatic aberrations of each of 
the lens units. Therefore, a compact optical system can be 
achieved. 

Hereinafter, speci?c numerical data in Numerical 
Embodiments 1 to 4 Will be shoWn. In the respective 

numerical embodiments, denotes an order counted from 

the object side, Ri denotes a curvature radius of an i-th 

optical surface (i-th surface), Di denotes an on-axis interval 
betWeen the i-th surface and an (i+1)-th surface, Ni denotes 
a refractive index of a material of an i-th optical member 

(other than a lens (layer) made of a material different from 

the ITO ?ne particles dispersion material) based on the 
d-line, and vi denotes an Abbe number of the material of the 
i-th optical member based on the d-line. A refractive index 
of a lens GITj made of ITO based on the d-line and an Abbe 

number thereof are separately indicated by NGITj and vGITj 
(jIl, 2, . . . ), respectively. In addition, f denotes a focal 

length, Fno denotes an F number, and (n denotes a half vieW 

angle. 
Let X be a displacement amount from a surface apex in 

the optical direction, h be a height from the optical axis in 
a direction perpendicular to the optical axis, r be a paraxial 
curvature radius, k be a conic constant, and B, C, D, E, . . 
. be aspherical coef?cients at respective orders, an aspherical 
shape is expressed by the folloWing expression. 

Note that “EiXX” in each of the aspherical coef?cients 
indicates “x10”? 
A surface closest to the image side in each of the numeri 

cal embodiments (surface having an in?nite curvature 
radius) corresponds to an inserted ?lter, an optical loW pass 
?lter, an infrared cut ?lter, or the like. 

In the respective numerical embodiments, ITO is dis 
persed in acrylic (PMMA) With a volume fraction of 20%. 
A refractive index of a mixture of ITO and acrylic is 
calculated using a value calculated by the expression (C). 
Table 1 shoWs refractive indexes, Abbe numbers, and partial 
dispersion ratios for ITO, acrylic, and a mixture in Which a 
volume mixing ratio of ITO ?ne particles to acrylic is set to 
20% based on the d-line, the g-line, the C-line, and the 
F-line. 









US 7,136,237 B2 
1 7 

TABLE 1 

ITO 20% 
ITO PMMA Mixture 

d-Line Refractive 1.85710 1.49171 1.57159 
Index 
g-Line Refractive 1.99250 1.50279 1.61267 
Index 
C-Line Refractive 1.79800 1.48917 1.55583 
Index 
F-Line Refractive 1.94870 1.49774 1.59815 
Index 
vd 5.7 57.4 13 .5 
0gd 0.898 1.293 0.971 
0gF 0.291 0.589 0.343 

As described in those embodiments, it is possible to 
provide an optical system Which is easily manufactured and 
has a superior environmental resistance and a high optical 
performance. 

Next, a digital still camera using the optical system 
according to the embodiment of the present invention as an 
image taking optical system Will be described With reference 
to FIG. 14. 

In FIG. 14, the digital still camera includes a camera main 
body 20, an image taking optical system 21, a solid-state 
image pickup element (photoelectric transducer) 22 such as 
a CCD sensor or a CMOS sensor, a memory 23, and a ?nder 

24. The image taking optical system 21 is the optical system 
of the present invention. The solid-state image pickup ele 
ment 22 is incorporated in the camera main body 20 and 
receives a subject image formed by the image taking optical 
system 21. The memory 23 stores information correspond 
ing to the subject image, Which is photoelectrically con 
verted by the solid-state image pickup element 22. The 
?nder 24 is composed of a liquid crystal display panel and 
the like and used for observing the subject image formed on 
the solid-state image pickup element 22. 
As described above, When the optical system of the 

present invention is applied to an image pickup device such 
as the digital still camera, it is possible to realize a compact 
image pickup device having a high optical performance. 
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This application claims priority from Japanese Patent 

Application No. 2003-417974 ?led on Dec. 16, 2003, Which 
is hereby incorporated by reference herein. 

What is claimed is: 
1. An optical system, comprising: 
a solid material having tWo surfaces both on a light 

incident side and on a light exit side being refractive 
surfaces, 

Wherein folloWing conditional expressions are satis?ed: 

Where vd represents an Abbe number of the solid material 
and Ggd and GgF represent partial dispersion ratios thereof. 

2. An optical system according to claim 1, Wherein the 
solid material comprises a mixture in Which inorganic ?ne 
particles are dispersed in a transparent medium. 

3. An optical system according to claim 2, Wherein the 
inorganic ?ne particle comprises ?ne particle of indium tin 
oxide. 

4. An optical system according to claim 1, Wherein the 
solid material is formed by one of photopolymeriZation or 
thermopolymeriZation using a mold. 

5. An optical system according to claim 1, Wherein at least 
one of the tWo refractive surfaces of the solid material is an 
aspherical surface. 

6. An optical system according to claim 1, Wherein at least 
one of the tWo refractive surfaces of the solid material is 
exposed to air. 

7. An optical system according to claim 1, Wherein the 
optical system forms an image on a photoelectric transducer. 

8. An image pickup device, comprising: 
the optical system according to claim 1; and 
a photoelectric transducer for receiving an image formed 

by the optical system. 
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